Introduction
Glaciological and geophysical studies indicate that fast motion of West Antarctic ice streams is possible because of an efficient basal lubrication provided by a layer of weak subglacial till (Figures 1 and 2) [Alley et al., , 1987a [Engelhardt et al., 1990] . Kamb [1991] used strain ratecontrolled and stress-controlled shear box tests to determine the strain rate dependence of till strength. In contrast to predictions of the widely used viscous till model, the tested till samples behaved in a nearly plastic manner, that is, exhibited ahnost no strain rate dependence of strength. The difference between the viscous predictions and plastic laboratory observations was so strong that it has raised doubts that, fbr some reason, soil mechanics tests yield results that are not representative of in situ Since the publication of Kamb [1991] our research group has had the opportunity to hear various concerns regarding the validity of the soil mechanics approach to studying and modeling detbnnation of subglacial tills. One line of criticism explored two potential limitations of shear box tests used by Kamb [ 1991] : ( 1 ) the relatively slnall strain that may be unable to reproduce real subglacial conditions and (2) the supposition that nearly plastic till theology observed in shear box tests is not an inherent property of the till itself but an artif•.ct of the geometry of the apparatus which fbrces development of a thin "plastic" shear zone (-1 !rim in thickness). However, the most potent argument against plastic theology of subglacial tills was provided by the claim that defbnnation in a plastic till could not distribute throughout any significant thickness but would collapse to a single shear plane [e.g., Alley, 1993] . Strain markers and tiltmeters eraplaced in till layers beneath a number of mountain glaciers have conclusively shown that defbnnation does distribute in these tills, at least to depths of several decimeters [Blake, 1992 ].
Amidst this array of seemingly contradictory observations and models remains the pressing need to resolve the dilemma of till mechanics whose proper understanding must precede construction of reliable models of coupled ice-till motion. From the point of view of ice dynamics the question whether till is a mildly nonlinear or nearly plastic material is nontrivial because instability of ice-till systems increases with the degree of till nonlinearity [Kamb, 1991] . Therefbre we have continued our effbrts to study the mechanics of the UpB till in the laboratory and to build ex- suits of new laboratory and modeling investigations. Based on these results, we reject the hypothesis that there is a real disparity between till behavior in situ and in laboratory tests. We propose a new model for the mechanics of the UpB till that is based on results of geotechnical tests, and in a companion manuscript we show that this model of till mechanics may be successfully used in ice stream modeling [ Tulaczyk et al., 
Relevant Concepts From Soil Mechanics
Soils represent a mixture of fluids and rigid particles, and deformation of this mixture is inevitably a complex process. Because of this complexity it is not possible to develop a completely generalized model of soil behavior. Rather, specifics of any soil mechanics model must be chosen to fit the particular problem of interest and the required accuracy of solutions [ Whittle and Kavvadas, 1994]. Our work was driven by the desire to construct a mechanical model of the UpB till that can be used to ( 1 ) explain the first-order aspects of observed subglacial till kinematics (this paper), and (2) incorporate realistic treatment of icetill interactions into an ice stream model [Tulaczyk et al., this issue]. Our objective is to arrive at simple models that are justified by the results of laboratory tests and are able to reproduce fundamental features of field observations without turning to use of unconstrained, adjustable parameters.
As part of our drive towards simplifying the considered problems, we forego the use of the stress tensor in favor of a relatively simple two-dimensional stress state which consists of the shear stress '• and the normal effective stress o',,. This simple stress state relates directly to the subglacial stress state that acts upon a till layer in nature (Figure 2 ) and is convenient because it permits separate investigations of till response to the normal effective stress and the shear stress. Figure 3 shows a few basic aspects of soil behavior that will become important in our treatment of till mechanics. First, we illustrate the concept of a failure strength •:f that is typically reached only after an initial, transient period of strain hardening or strength mobilization (Figure 3a) . In heavily overconsolidated and in clay-rich soils, the initial strain hardening is followed by a less pronounced strain weakening giving rise to a transient peak strength (dashed line in Figure 3a) 
where Ca is the apparent cohesion, 4• is the internal friction angle, o, is the total normal stress, o', = o, -Pw is the effective normal stress, and Pw is the pore pressure. The complexity of soil behavior is rooted to a great extent in the ability of soils to change water content under different effective stresses [ Wood, 1992, pp. 4-5] . Soil compressibility depends on the effective stress history of a given soil sample. In this regard a soil may be in one of two states: (1) normally consolidated or "virgin" state in which the current effective stress is higher than any effective stresses to which the soil was subjected in the past, o', = IJ'nmax and (2) an overconsolidated state in which o',< O'nm• (Figure 3c ). It is important to note here that the latter usage of the term "overconsolidation" is more general than its usage in geosciences where overconsolidation typically implies removal of some of the preexisting overburden. For example, fluctuations of water pressure in a subglacial environment are sufficient to induce overconsolidation in till; no decrease in ice thickness is necessary.
When plotted on graphs of void ratio versus logarithm of the effective normal stress, typical volume change data for soils can be approximated by straight lines (Figure 3c) [Scott, 1963, p. 
where e = V,/V s is the void ratio obtained by dividing the pore volume by the volume of solids (void ratio is related to porosity through np = e/(l + e)), eo is the void ratio at the reference value of effective normal stress, O'•o = I kPa, and C• is the dimensionless coefficient of compressibility. The subscript • is replaced by c (for "consolidation") and by s (for "swelling") to indicate the coefficient of compressibilities in the virgin and overconsolidated states, respectively. The line that describes soil behavior in the virgin state is commonly designated as the normal consolidation line (NCL) and it corresponds to the loosest possible state for a soil at a given normal effective stress [Clarke, 1987b; SchofieM and Wroth, 1968 Figure 3c ) [Clarke, 1987b; Wood, 1992 Tfov: erie cs'he + cs'n tan4¾, To study the mechanical behavior of the till, we perfbnned a sequence of laboratory tests guided by the standard procedures fbr soil testing [Bishop and Henkel, 1957; Bowles, 1992] . The main part of the mechanical testing prograin was based on triaxial, ring shear, and confined uniaxial tests, as fbllows. We used undisturbed till samples in the first three tests (U 1-3). The samples were "undisturbed" in the sense that they were extracted t?om the core liner just before testing without any intentional remolding. However, microscopic examination of till thin sections suggests that the samples had experienced disturbance during acquisition l?om the sub-ice stream environment via piston coring. The three "undisturbed" salnples were taken in 10-cm-long, 5-cm-diameter sections l?om the depth range of-1.5- In triaxial tests the total axial strain is limited typically to 0.1 to 0.2. To determine whether the strength of the UpB till changes significantly with strain, we constructed a small ring shear device in which the material was sheared to much greater strains. The best fit lines in the e-log o',• space defined by measurelnents on overconsolidated till samples are designated as the unloading-reloading lines (URL•) with a number in the subscript giving the magnitude of the lnaximum effective normal stress to which this sample was ever subjected, (3"nmax in kilopascals. We use the same line to approximate the expansion (swelling) of overconsolidated till on unloading and its compression on reloading (URL568, URL7• in Figure 6a ). This idealization neglects the f•ct that some irrecoverable sample compression (e decreases by •0.001) can be observed during the several unloading-reloading cycles that we have applied to the till samples. However, the permanent compression is much smaller than the recoverable 
Compressible-Coulomb-Plastic Till Model
Laboratory test data suggest a relatively simple mechanical ]nodel of the UpB till fbr which both void ratio and strength are dependent on effective stress. This dependence is expressed by (1) and (2) . Even the volume effective stress relation for shearing till samples is only slightly different froin that of unsheared, norreally consolidated till samples. The results of our tests show that strain magnitude and strain rate have negligible influence on till strength and compressibility. Such simplification neglects some secondary effects, fbr example, the transient strengthmobilization stage at the initial stages of shear (strains of the order of 0.01), but is very useful in meeting our goal to investigate only the fundamental aspects of mechanical behavior of the UpB till. To the first order, just three state variables are needed to express the conditions of the UpB till at failure: (1) void ratio, (2) effective normal stress, and (3) shear strength. We call the model of till mechanics obtained by combination of equations (1) and (2), the Compressible-Coulomb-Plastic (CCP) model. The CCP model fits well into the physical framework of till mechanics proposed by Clarke [1987b] .
Perhaps the biggest challenge of modeling the response of Coulomb-plastic till to applied stresses is posed by the fb, ct that tbr plastic materials strain rates are in general not related uniquely to stresses. This represents a major departure from the viscous till ]nodel, which is based on the assumption that such a unique relationship exists. Notwithstanding this complication, we demonstrate below that when our CCP till model is subjected to realistic subglacial stress forcings, it can reproduce essential aspects of in situ till delbnnation. The close temporal correlation between fluctuations in subglacial effective stress and tilt rate oscillations suggests that the fbrmet drive the latter (Figures 7a and 7b) . Here we will show that the CCP till ]nodel provides a plausible causal link between fluctuations in normal effective stress and tilt rate oscillations. In the CCP till ]nodel, tilt rate oscillations may result solely from thickness changes experienced by a till layer when it is subjected to fluctuating normal effective stress. Our approach to simulating motion of tiltmeters in a till layer is based on the general assumption that real tiltmeters behave as passive markers that reflect faithfully any till defbnnation. By this assumption we exclude the possibility of till slippage occurring along the tiltmeter-till interface. Such slippage may happen in reality if the interface has a low enough friction coefficient, that is the interface would be too smooth.
Influence of Till Compressibility on Tiltmeter
Froin (2) it is clear that a till layer in which normal effective stress changes over some discrete time interval At will also ex- 
perience a change in void ratio from an initial value ei = f(cf•?,t) to e,+/ = f(cf,,.i+•). Geometric arguments can be used to show that these variations in till void ratio and till thickness result in a ver
where strains in compression (consolidation, e,+• < e,) are taken to be positive and strains in extension (swelling, e,+• > ei) are taken to be negative. Given a nonzero vertical strain and zero horizontal strain, that is, the typical Ko condition, all planes whose initial orientation does not coincide with the three principal strain directions will experience rotation. In the case of infinitesimal rotations, the rotation angle A© is equal to half the engineering shear strain (i.e., to the tensoffal shear strain) and is given by (see Appendix, equation ( 
Because of the nonlinearity introduced into this system of equations by the logarithmic fbnn of (2), it is convenient to find rotations and tilt rates in response to changing effective normal stress, cf,,(t), by numerically integrating (2), (5), (6), and (7) through time. Since applicability of (6) is restricted to infinitesimal strains, it is necessary to select time steps small enough so that fbr a specific fbrcing function cf,,(t), the condition Aft), < -0.01 is fulfilled at all times [Means, 1979, In spite of its simplicity, our modeling demonstrates conclusively that till compressibility may have a significant effect on tiltmeters eraplaced in subglacial till. Even without responding to basal shear stress, tiltmeters may experience significant rotations and oscillations caused solely by till thickness changes. These results have a significant implication fbr intecretations of subglacial tiltmeter records because previously it has been asstuned that till is incompressible [e.g., Blake, 1992, p. 58] and that all tilts recorded subglacially must be caused by lateral motion of till. Finally, our calculations suggest that in the case of the UpB till layer, we should not expect the highly oscillato• tiltmeter behavior that has been observed beneath mountain glaciers. Both the low hydraulic diffusivity of this till and the nature of subglacial water pressure fluctuations should make the subglacial zone of ice 8trealn B much less dynamic than the previously studied zones of mountain glaciers. This proposition may be tested in the f•ture by instrmnenting the bed of ISB with tiltmeters.
Vertical Distribution of Strain
In the previous section we have limited ourselves to modeling the response of the CCP till to changes in effective normal stress. In nature, however, there is typically a nonzero shear stress transmitted froin the ice base to the top of the till (% in Figure 2) . Large accumulations of total strains and large tiltmeter fluctuations recorded by instruments eraplaced in deformable tills are most likely due to the combined action of fluctuating shear and normal effective stresses [Iverson et al., 1998; Ddaczyk, 1999] .
The effective stress dependence of till strength, equation (1), introduces an important complication into ice-till interactions because any vertical variations in effective stress state will cause changes in till strength distribution with depth. It is a mechanical requirement that the coupled ice-till motion should be accommodated by the weakest shear plane within a till layer. Therefbre vertical variations in till strength distribution may fbrce a vertical migration of this weakest, active shear plane. Over time, the net effect of vertical shear zone migration will be to distribute shear defbnnation over some thickness of the till layer. Table 7 .1]. Inclusion of the effect of overconsolidation on till strength is important because overconsolidation may localize strain and thus suppress shear zone migration.
Overconsolidation is the only transient effect that we include into our model of shear zone migration. There are two justifications fbr this decision: (1) the model focuses on large-magnitude till deformation for which the small strain transients observed in our tests are of negligible importance and (2) inclusion of strain weakening due to overconsolidation is a conservative assumption because this effect suppresses vertical shear zone migration whose plausibility we intend to demonstrate. Therefore the fact that we will be able to show vertical distribution of till defbnnation with a model that includes this conservative assumption strengthens our argument for the proposed concept of shear zone migration and removes one possible line of criticism. Other potential mechanisms of vertical distribution of till defbnnation could be introduced into this model. For example, Iverson e! al. [1998] propose that dilatant hardening of expanding shear zones •nay be responsible fbr strain distribution in tills. In practice, including this mechanism in our model is hindered by the fact that crucial parameters of the dilatant-hardening model are yet to be constrained by field or laboratory observations. We consider here only the physical mechanisms that can be inferred from our laboratory data and treated within the CCP flamework of till mechanics.
As in the previous section where we have discussed tiltmeter oscillations, subglacial effective stress functions are obtained by fbrcing the simulated column of till with diurnal fluctuations in basal water pressure (equations (8) and (9) (Figures 8d and 9d) . Another complicating fhctor that we have considered in our simulations of vertical strain distribution in till is the presence of a hydrostatic or a lithostatic average vertical effective stress gradient. The close similarity of the results obtained fbr the lithostatic and hydrostatic cases shows that the f•ndamental outcomes of our model do not depend on the assumed efi•rctive stress gradient (Figures 8d and 9d) .
The concept of shear zone migration can be tested in the future through laboratory simulations and field studies of till deformation. In the case of the subglacial zone of ISB, such a direct test with use of tiltmeters may be difficult because the dimensions of typical tiltmeters are comparable in size to the depthscale of distributed till deformation predicted by our model, •6-7 cm. However, the results of our modeling do prompt the testable hypothesis that below this depth the UpB till is not experiencing distributed shear deformation driven by basal water pressure fluctuations. This proposition is consistent with the result of a recent borehole experiment performed in the UpB area. The experiment indicated that most of ice stream velocity is accommodated within no more than several centimeters from the ice base ]. Our estimate of the defbnning till thickness is 2 orders of magnitude smaller than the previous estimate made with an assumption of viscous theology fbr the UpB till [Alley et al., , 1987a . Field tests of the shear zone migration model will be more f•asible in defbnning till layers observed beneath several mountain glaciers. These till layers reach thicknesses of up to 0.6 m permitting measurements of vertical distribution of strain and effective stress with readily available instruments. We expect that such measurements will reveal a picture of subglacial till behavior that is more complex than that provided by the simplified, first-order models presented here. Fo• instance, clast plowing and dilatant hardening may provide additional mechanisms that contribute to the vertical distribution of strain [Iverson et al., 1998; . Nevertheless, future subglacial observations may verify, whether the CCP till model can be used to explain the relation between stress variability and distributed till deformation.
Conclusions
New triaxial and ring-shear tests perfbnned on smnples of the UpB till corroborate the nearly plastic till theology determined earlier in shear box tests on this material [Ka•nb, 1991]. These test results dispel important doubts about the generality of this finding by demonstrating that the mechanical behavior of this till is neither strongly dependent on strain magnitude nor on sample or test geometry. Moreover, undrained triaxial tests with pore pressure measurements reveal that even the small observed strain rate dependence of till strength is caused by variations in pore pressure rather than by true viscous effects. If the fhilure strength of the till is interpreted in tenns of the actual nonhal effective stress on failure planes, then the UpB till can be characterized as a perfectly plastic Coulomb material. The till strength increases approximately linearly with nonhal effective stress ('cr • 0.450',0 but is relatively insensitive not only to strain rate but also to strain magnitude. The difference between peak and ultimate till strength measured in two ring shear tests was only 6% and 8%. In spite of the fact that in the past soil mechanics tests were fYequently discounted as a potential tool for studying till mechanics, our results indicate that there are no fundamental inconsistencies between the existing body of observations constraining in situ till behavior and the experimentally constrained Coulombplastic till rheology. Thus we hypothesize that subglacial till deformation and ice-till interactions may be simulated using models of till mechanics based on laboratory test results, such as the CCP model. Our hypothesis may be verified by future laboratory and field investigations of other tills. Pending such verification, we propose the CCP model of the UpB till as the framework for understanding and modeling motion of the West Antarctic ice streams.
Appendix: Derivations of Equations
In this appendix we explain derivations of several important equations that are not widely used in glaciological literature. The first part of this appendix relates to our evaluation of the effective normal stress, shear stress, shear strain, and shear-induced pore pressure from the principal stresses and strains measured in the triaxial tests (equations (10) through (13)). In the second part we devise a method tbr calculating tilt rates fi'om changes in till thickness (equations (15) 
where p, is the total pore water pressure measured during the test, and ol, o3 denote the major and minor principal total stresses, respectively. In order to derive an equation which gives vertical strain in a till layer with time variable void ratio, that is, equation (5) 
Geometrically, the engineering shear strain is the change in angle between two initially perpendicular lines, fbr example at © and 90 ø + ©. For calculations of tilt magnitudes and tilt rates, equations (6) and (7), we want to have an expression fbr A©, that is, the change in angle between the vertical direction and the line inclined initially at ©.
